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The refractive indices of 509 oxides and 55 fluorides were analyzed using two forms of
a one-term Sellmeier equation:~1! 1/(n221)52A/l21B, whereA, the slope of the
plot of (n221)21 versusl22 in units of 10216 m2, gives a measure of dispersion andB,
the intercept of the plot atl5`, gives n` 5(111/B)1/2 and ~2! n2215EdEo /(Eo

2

2(\v)2), where\v5the photon energy,Eo5the average single oscillator~Sellmeier!
energy gap, andEd5the average oscillator strength, which measures the strength of
interband optical transitions. Form~1! was used to calculaten at l5589.3 nm (nD) and
n at l5` (n`), and the dispersion constantA. The total mean polarizabilility for each
compound was calculated using the Lorenz–Lorentz equation:ae53/4p @(Vm) (n`

2

21)/(n`
2 12)], whereVm is the molar volume in Å3. Provided for each compound are:

nD , n` , Vm, ^ae&, ^A&, ^B&, ^Ed&, ^Eo&, the literature reference, the method of mea-
surement ofn and estimated errors inn. Results obtained by prism, infrared reflectivity,
ellipsometry, and interference methods are compared. Consistency of dispersion values
among like compounds and structural families is used to evaluate the accuracy of refrac-
tive index data. Dispersion values range from 40 to 260310216 m2 with the majority of
values in the range of 60– 100310216 m2. High dispersion is associated withs2, p6, d10,
and transition metal ions, H2O, and crystalline hydrates, whereas normal dispersion val-
ues are found in borates, aluminates, gallates, silicates, germanates, phosphates, and
sulfates not containing H2O or any of the above ions. Exceptionally high dispersion is
observed in liquid H2O, Fe2O3, Y3Fe5O12, FeOOH, Fe2(SO4)3 , UO2, Cu2O, V2O5,
MgCrO4•7H2O, and Cs2Mg~CrO4)2•6H2O. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1497384#
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1. Introduction

Refractive indices (n) and their dispersion are useful fo
the characterization of synthetic materials and minerals
for the prediction of linear and nonlinear refractive indic
(n2). Nonlinear refractive indices are defined by:n5no

1n2^E
2& wheren5observed refractive index at waveleng

l, no5the linear refractive index, andE5the applied optical
electric field @Adair et al. ~1989!#. For example, nonlinea
refractive indices of crystalline and glassy optical cryst
have been related to linear refractive indices and their
persion@Boling et al. ~1978!; Adair et al. ~1989!; Dimitrov
and Sakka~1996!#. Also, in conjunction with dispersion
studies and derived values ofn` , sets of empirical electronic
ion polarizabilities ae have been derived from~1! the
Lorenz–Lorentz~LL ! equation:

ae51/b@~Vm!~n`
2 21!/~n`

2 12!#, ~1!

where Vm is the molar volume in Å3, b54p/3 @Lorentz
~1880!; Lorenz ~1880!; Tessmanet al. ~1953!; Kip ~1962!;
Anderson~1974!# and n` is the value ofn extrapolated to
infinite wavelength from a Sellmeier equation and~2! the
additivity rule for the compound M2M8X4. The additivity
rule states
J. Phys. Chem. Ref. Data, Vol. 31, No. 4, 2002
d

s
s-

ae~M2M8X4!52ae~M21!1ae~M841!14ae~X5!, ~2!

where ae(M2M8X4) is the total polarizability of the com-
pound M2M8X4 andae(M

21), ae(M841), andae(X
5) are

the electronic polarizabilities of M21, M841, and X5, re-
spectively. Using these relations, sets of ion polarizabilit
were derived from data on the alkali halides and alkal
earth chalcogenides by Tessmanet al. ~1953!; Pirenne and
Kartheuser~1964!; Wilson and Curtis,~1970!; Boswarva
~1970!; Coker ~1976!; Raghurama and Narayan~1983!; and
from data on a variety of minerals by Lasaga and Cyg
~1982!.

During the course of the determination of an improved
of electronic polarizabilities, it was necessary to obtain
relatively complete database of refractive indices and disp
sion over the visible part of the spectrum~400–700 nm!.
Although dispersion data such as those given in the com
lations of Hintze ~1897!, ~1933!, ~1938!, ~1960!; Doelter
~1914!, ~1917!; Li ~1980! and the Landolt-Bo¨rnstein~1962!,
~1969!, ~1979!, ~1981!, ~1996!, ~hereafter referred to as LB!
series have been published, there was no central location
these data and it was frequently necessary to go to orig
publications to obtain dispersion data. Often there is no
dication of the reliability of the data. In order to obtainn`

and dispersion constants, it is convenient to use Sellm
analyses. Sellmeier constants have been provided for m
compounds in these publications, but because of the la
variety of Sellmeier equations@Tropf et al. ~1995!#, analysis
using a common Sellmeier equation was not available.

To remedy this situation a literature search from the m
1800s to the present was done to provide a relatively co
plete list of refractive indices and dispersion for minerals a
synthetic fluorides and oxides~509 oxides and 55 fluorides!.
To be of use in the LL analysis, it is necessary that com
sition and unit cell volumes be available. Using the disp
sion data and the one-term Sellmeier equation described
DiDomenico and Wemple~1969!, we calculate dispersion
parameters, the long-wavelength indexn` , andnD, the in-
dex of refraction at the NaD line. Using estimated experimen
tal errors inn, comparisons of data on like compounds a
trends inn and dispersion in structural families, we make
critical evaluation of the data. Finally, from the values ofn` ,
the unit cell volumes, and the LL equation, we calculate
total mean polarizabilitŷae& for each compound.

2. Presentation of Data

2.1. Composition, Characterization, and Source

This publication provides the composition, the refracti
indices atl5` (n`), and 589.3 nm (nD), molar volume of
the compoundsVm, volume per anionVo , total mean elec-
tronic polarizabilities^ae&, the mean dispersion paramete
^A&, ^B&, ^Eo&, and^Ed&, along with documentation provid
ing an indication of the method of measuringn, the precision
of the measurement ofn, and source reference in an eas
accessible form. Molar volumeVm is the unit cell volume
divided byZ, the number of molecules per unit cell. Volum
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per anionVo is defined as the molar volume divided by th
number of water molecules and anions (H2O1O51OH2

1F2). In the text the values of̂A&, ^B&, ^Eo&, and^Ed& for
uniaxial and biaxial compounds, although writtenA, B, Eo ,
and Ed , are mean values. The compositions of synthe
compounds are generally accepted as correct. In the ca
synthetic compounds, we give, when known, the crys
grower. Almost all of the data reported here are from sin
crystals. Exceptions are PLZT (Pb–La–Zr–Ti–O3) compo-
sitions. In this case the data from PbTiO3 ceramic withn
52.523 (ae59.668) was found to compare well to sing
crystal data where one paper~Singh 1971! reported no

52.5218 andne52.5226 (ae59.665) and another@Nomura
et al. ~1973!# n52.5617 (ae59.792). In those cases whe
single crystal data were not available, ceramic or polycr
talline sample is specified.

In the case of minerals we give the mineral name,
color, and where available, the source of the specimen. M
eral compositions are generally those given by the orig
author. Following the composition, the symbol* refers to
well known compositions, either as-grown synthetic cryst
or analyzed compositions of minerals. Many values ofn and
dispersion for oxides and minerals have been reported in
literature but we have only included those for which the u
cell is known and the composition is relatively certain.
some instances such as phenacite (Be2SiO4), even though no
analysis was reported in the original papers, the data w
included because of the high probability of the composit
being correct. Many compositions, especially those repo
in LB ~1962!, ~1969!, ~1979!, ~1981!, ~1996!; Hintze ~1897!,
~1933!, ~1938!, ~1960!; and Doelter~1914!, ~1917! are un-
certain or questionable. In the case of the minerals, nar
sukite, leucosphenite, and sodalite, even though the ana
or unit cell dimensions are not well known, we have includ
the data because the refractive index was well determin
For these entries, we have used in parentheses the nomin
ideal compositions. In some cases, data from LB was omi
if the composition was uncertain and there were other
amples available where the composition was known, e
garnets, cordierites, and beryls. In some instances such a
KH2PO4, where a number of accurate determinations on
have been made, we have included only 1 or 2 of the m
accurate measurements.

Finally, we give the source of the data. In many cases,
give the compilation from which the data were taken, e
Palik ~1991!; Hintze ~1897!, ~1933!, ~1938!, ~1960!; or
Landolt-Börnstein ~1962!, ~1969!, ~1979!, ~1981!, ~1996!.
When convenient, we give the original reference using
CASSI ~Coden listed in the Chemical Abstracts Servi
Source Index! ~1999!. Appendix 1 lists the Codens used
this paper. The effective cutoff date for literature search
January 2000, whereas the earliest source was around 1
Although Table 1 lists many of the dispersion data publish
between 1850 and 2000, it is not meant to be a comp
tabulation. Overall, we present data for 509 oxides and
fluorides.
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2.2. Method of Measuring Dispersion or n `

Although prism techniques have been used in the majo
of dispersion determinations, a variety of other techniqu
have also been used. We include a code describing
method used to measure the refractive indices. The pr
method using either minimum deviation or perpendicular
cidence@Tilton ~1935!; Tilton et al. ~1949!; Werner~1968!;
Tentori and Lerma~1990!; Medenbach and Shannon~1997!;
Medenbachet al. ~2001!# has been used most often~about
60% of the data given here! and can give the refractive in
dices accurate to the fourth or fifth decimal place. The i
mersion method@Werner~1968!; Verkouterenet al. ~1992!#
~about 10% of the data given here! is less accurate but ca
give values accurate to the 4th decimal place. Infrared refl
tivity ~IR! measurements in conjunction with Kramers
Kronig analysis or the Lorentz oscillator model and classi
dispersion theory@Barker ~1964!# give the long wavelength
dielectric constant,«`5n`

2 , from fitting the parameter«` to
the reflectivity data. In general, data obtained in this man
~about 10% of the data given here! are accurate to the third
decimal place. Some papers use an independent mea
ment ofn` and it is not always possible to distinguish the
values from the fitted values. When both IR and minimu
deviation measurements have been made, they have
been tabulated for comparison. Ellipsometer methods@Jelli-
son ~1997!; Jellison and Modine~1997!# have been used
more recently and give results somewhat less accurate
prism methods. We have compared several sets of data u
both ellipsometer and prism methods and find agreemen
60.02– 0.05. Critical angle methods including the use of
Abbe–Pulfrich refractometer@Straat and Forrest~1939!; Til-
ton ~1942, 1943!; Hurlbut ~1984!# have been used often bu
not in determining dispersion. Finally, interference metho
using a Michelson-type interferometer have also been u
for determining dispersion@Grehn ~1959!; Werner ~1968!;
Moskalev and Smirnova~1987!; Shumate ~1966!#. The
method of measuringn is not always given. Values quoted t
four decimal places in LB were assumed to be obtained
prism methods and therefore to be accurate
60.0001– 0.0005, except when indicated otherwise.

2.3. Sellmeier Analysis

There are many dispersion formulas that have been de
oped to fit the refractive index over a wide range of freque
cies. Many of the most common formulas are described
Tropf et al. ~1995!. However, the single-term Sellmeie
equation used by DiDomenico and Wemple~1969! and
Wemple and DiDomenico~1971! has the advantages of sim
plicity and of providing derived parameters that have phy
cal significance. In the form

1/~n221!52A/l21B, ~3a!

A, the slope of the plot of (n221)21 versusl22 in units of
10216 m2 gives a measure of dispersion andB, the intercept
J. Phys. Chem. Ref. Data, Vol. 31, No. 4, 2002
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TABLE 2. Comparison ofn` values determined by prism methods and reflectivity methods

Compound Space group Prism method Reflectivity Error Ellipsometer Error Interference method Deltaa Delta Delta
^n`& ^n`& ^n`& IR-prism ellips-prism Interf-prism

MgF2 P42/mnm 1.3761 1.38 ..01 0.00
CaF2 Fm3m 1.4255 1.430 0.01 0.00
SrF2 Fm3m 1.4306 1.44 ..01 0.01
BaF2 Fm3m 1.4655 1.47 ..01 0.00
ZnF2 P42/mnm 1.4963 1.503 0.01 0.01
PbF2 Fm3m 1.7248 1.58 ..01 À0.14

1.7272 1.58 ..01 À0.14
KMgF3 Pm3n 1.3975 1.43 0.05 0.03
KNiF3 Pm3n 1.52 0.05 1.4827 0.04
KMnF3 Pm3n 1.4382 1.44 0.01 0.00

1.45 0.05 0.01
RbMnF3 Pm3n 1.59 0.05 1.4745 0.12
Cu2O Pn3m 2.27 2.54 0.02 0.27

2.55 0.05 0.28
2.57 0.05 0.30

ZnO 1.9150 1.903 0.003 20.012
1.904 1.903 0.003 20.001

EuO Fm3̄m 1.960 2.30 0.08 0.34
Al2O3 R3̄c 1.7496 1.78 1.7480 0.03 20.002
Er2O3 Ia3̄ 1.923 1.95 0.03

1.930 1.95 0.02
SiO2 P3121 1.5353 1.538 0.005 0.003
GeO2 P42/mnm 1.9546 2.05 0.09

1.957 0.09
TiO2 P42/mnm 2.506 2.46 0.02 20.05

2.490 2.46 0.02 20.03
ThO2 Fm3̄m 2.0679 2.20 0.01 0.13

2.07 2.20 0.01 0.13
CeO2 Fm3̄m 2.31 2.36 0.05
UO2 Fm3̄m 2.12 2.35 0.23

2.16
Tb3Ga5O12 1.9335 1.932 0.002 20.001
Y3Fe5O12 Ia3̄d 2.1287 2.15 0.02

2.165 2.15 0.02
Be2SiO4 R3̄ 1.6448 1.66 0.01 0.02

1.6455 1.66 0.01 0.01
Mg2SiO4 Pmnb 1.6365 1.650 0.005 0.014
Bi4Si3O12 1.9674 1.9559 0.001 20.011
Bi4Ge3O12 2.0267 2.0218 20.005

2.0338 20.012
YVO4 I41/amd 2.0055 2.00 0.01 20.01

1.9994 2.00 0.01 0.00
PbMg.33Nb.67O3 Pm3m 2.422 2.49 0.07

aBoldfaced values refer to discrepancies greater than experimental values.
a-
il-
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on
ll

-
rt

h
tions
ion
r,
of the plot atl5`, givesn`5(111/B)1/2. In Appendix 2,
we give alternative forms of this equation. Then` values
derived from Eq.~3a! are necessary for the correct applic
tion of the Lorenz–Lorentz relation to obtain ion polarizab
ities. The values ofn` derived in this paper from one-term
Sellmeier analyses of data from the visible region results
n` that comes only from electronic transitions. Thisn` is
distinctly different from the dielectricn` derived from the
dielectric constant«o5n`

2 , obtained in the kHz–MHz region
where both lattice vibrations and electronic transitions c
tribute to the dielectric constant. This is shown graphica
by Tropf et al. ~1995! in their Fig. 1, p. 33.13 and is illus
trated numerically by the value of refractive indices of qua
n

-
y

z

where from optical data,̂n`&51.547, and from dielectric
constant data at 1 kHz,^n`&52.135~Shannon, 1993!.

An alternative form@Wemple and DiDomenico~1971!;
Wemple~1973, 1977!# is

n2215EdEo /„Eo
22~\v…

2!, ~3b!

where in a single oscillator model\v5the photon energy,
Eo5the average single oscillator~Sellmeier! energy gap in
eV, andEd 5 the average oscillator strength in eV, whic
measures the average strength of interband optical transi
and Ed is related to physical parameters by the express
Ed5bNcZaNe, whereNc is the cation coordination numbe
Za is the formal valence of the anion,Ne is the effective
J. Phys. Chem. Ref. Data, Vol. 31, No. 4, 2002



h

h

h

h
h

h

h

958958 SHANNON ET AL.
TABLE 3. Inconsistent dispersion values

Compound Mineral Reference

^A& Eo Ed

Accuracy indexa ^A&10216 m2 ~eV! ~eV!

NaF 78 Ref. 7 7-105 96 15.0 11.1 2 high
Cs2SiF6 35 ZPCBAL 31 292 98 13.4 12.2 3 high
Na2GeF6 82 INOMAF 18 570 101 14.4 11.0 2 high
Cs2GeF6 35 ZPCBAL 31 292 117 11.7 11.8 3 high
BaMgF4 75 JAPIAU 46 4645 75 13.8 15.3 3 high
Cu2O cuprite 79 JJAPA5 18 1043 86 5.5 33.9 5 low
Y2O3 91 Ref. 9 1079 126 7.1 18.0 2 high
Y2O3 91 Ref. 9 1079 62 9.9 25.8 2 low
Y2O3 56 ANCHAM 28 2023 53 10.8 27.6 3 low
As2O3 arsenolite 62 Ref. 1 Rf 2565 87 9.6 19.0 3 low
Sb2O3 senarmontite 62 Ref. 1 Rf 204 80 8.0 25.0 5 low
SrB4O7 95 OMATET 4 669 40 14.3 28.2 1 low

Gd.99Nd.01Al3B4O12 98 CHSCBU 43 1973 40 14.0 28.8 1 low
MgAl2O4 ~1.15% Co! spinel 62 Ref. 1 Rf 173 48 13.1 25.4 1 low
SrLaAlO4 96 PSSBBD 195 625 39 12.2 33.6 5 low
Gd3Sc2Al3O12 73 JAPIAU 44 1395 66 9.8 24.5 5 high
Y3Ga5O12 87 Ref. 5 314 80 8.9 22.5 3 high
Tm3Ga5O12 82 JCRGAE 57 600 70 9.2 24.8 3 high
LaEr3ScGa3O12 84 SPHCA6 29 704 42 11.7 32.5 2 low
SrGdGa3O7 91 JOBPDE 8 1668 94 8.7 19.5 3 high
Y3Fe5O12 65 BJAPJA 16 475 271 4.0 14.8 3 high

SiO2 smoky quartz 97 NJMIAK 11 259 76 12.5 16.9 1 hig
ZrSiO4 zircon 62 Ref. 1 Rf 514 69 9.4 24.6 1 high
Al2SiO4F2 topaz 62 Ref. 1 Rf 4071 37 16.3 26.7 1 low
Mn2SiO4 tephroite 32 AMMIAY 17 135 98 8.8 18.5 3 high

CaMnSiO4 32 AMMIAY 17 135 90 9.9 17.9 3 high
Fe1.7Mn.1Mg.2SiO4 fayalite 09 ZEKRDZ 46 138 85 9.2 20.5 1 high
Zn2SiO4 willemite 23 ZEKRDZ 58 460 81 10.5 18.9 1 high
ZrSiO4 zircon 03 ZEKRDZ 37 235 64 9.7 25.7 1 high
Al2SiO5 sillimanite 62 Ref. 1 Rf 4085 67 11.8 20.3 1 high
Ca2.7Mg.2Fe.1Al1.8Fe.2Si3O12 grossular 62 Ref. 1 Rf 235 35 15.0 30.7 1 low
Ca2CoSi2O7 97 JOBPDE 14 3299 178 7.6 11.8 1 hig
Li .95Na.05Al .95Fe.05Si2O6 spodumene 13 ZEKRDZ 13 294 51 13.3 23.4 2 low
CaTiSiO5 titanite 97 Ref. 10A 1609 73 9.2 23.8 4 low
CaTiSiO5 titanite 97 Ref. 10A 1609 91 8.3 21.1 2 low
Na4Al3Si3O12Cl sodalite 62 Ref. 1 Rf 2597 65 14.5 17.0 2 low
Na4Al3Si3O12Cl sodalite 97 Ref. 10A 885 98 11.8 13.7 2 hig
K.9Na.1AlSi3O8 adularia 21 TTMMDZ 35 231 63 14.1 18.0 1 low
KAlSi3O8 microcline 62 Ref. 1 Rf 2966 85 12.2 15.5 1 hig
Ba.93K.04Na.02Al2Si2O8 paracelsian 42 MNLMBB 26 231 87 11.3 16.3 2 hig
Ca3Si2O6~OH!2~OH2!2 afwillite 25 MNLMBB 20 277 44 15.0 24.1 2 low
Ca2Al2FeSi3O12OH epidote 62 Ref. 1 Rf 2983 59 11.6 23.4 1 low
Cu6Si6O18•6 H2O dioptase 62 Ref. 1 Rf 2889 66 11.8 20.6 1 low
Pb9Mg9Si9O24~OH!24 molybdophyllite 38 Ref. 10C 368 80 9.7 20.5 1 low
Ca~UO2!~UOOH!~SiO4!~SiO3OH!•4 H2O beta-uranophane 39 AMMIAY 24 324 50 13.4 24.0 3 ?
Ca~UO2!~UOOH!~SiO4!~SiO3OH)•4 H2O beta-uranophane 39 AMMIAY 24 324 66 11.8 20.6 3 ?
Ba1.99Nd.01ZnGe2O7 90 JOBPDE 7 1190 66 11.0 22.0 3? low
TiO2 rutile 97 OPLEDP 22 1808 152 4.6 23.0 5 hig
TiO2 rutile 79 JJAPA5 18 1043 84 6.3 30.3 5 low
SrTiO2.929 95 SPHCA6 40 640 87 6.6 28.1 1 low
PbTiO3 ceramic 71 Ref. 6 513 92 5.7 30.5 2 low
PbTiO3 ceramic 77 APOPAI 16 3210 92 5.7 30.6 3 low
ThO2 64 OPACAT 11 287 44 10.5 34.5 3 low

RbH2PO4 67 SPHCA6 12 383 107 11.2 13.3 2 hig
DyPO4 00 OMATET 15 103 57 12.0 23.3 4 low
HoPO4 00 OMATET 15 103 56 12.2 23.5 4 low
ErPO4 00 OMATET 15 103 48 13.2 25.4 4 low
TmPO4 00 OMATET 15 103 55 12.3 23.5 4 low
YbPO4 00 OMATET 15 103 48 13.1 25.3 4 low
J. Phys. Chem. Ref. Data, Vol. 31, No. 4, 2002
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TABLE 3. Inconsistent dispersion values—Continued

Compound Mineral Reference

^A& Eo Ed

Accuracy indexa ^A&10216 m2 ~eV! ~eV!

LuPO4 00 OMATET 15 103 54 12.4 23.8 4 low
GdP5O14 87 WLHPAR 36 823 114 9.5 14.6 1 high
ErP5O14 87 WLHPAR 36 823 27 19.6 30.6 1 low
Li1.93Na.04Mg.02Al2P2O8~F.9OH1.1! montebrasite 46 AMMIAY 31 51 47 14.8 22.9 3 low
Y.95Tm.05VO4 93 JAPNDE 32 1651 164 5.7 17.0 3 high
Cs8Nb22O59 78 JCRGAE 43 115 124 6.1 21.1 5 high
Ba.75Sr.25Nb2O6 68 JAPIAU 39 343 79 7.2 28.2 4 low

KAl ~SO4)2•12 H2O 62 Ref. 1 Rf 3798 96 12.4 13.5 1 high
Tl2Ni~SO4)2•6 H2O 62 Ref. 1 Rf 1571 81 11.3 17.5 1 low
CaMoO4 65 JAPIAU 36 1674 83 8.4 23.2 1 low
Nd2Mo3O12 23 ZDKRDZ 58 226 88 8.0 22.7 1 low
PbWO4 stolzite 97 NIMAER 385 209 86 7.2 25.9 4 low
NaY~WO4!2 72 INOMAF 8 1957 9 25.8 71.2 5 low

aAccuracy index defined in Table 1.
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number of valence electrons/anion,b50.26 for ionic com-
pounds, andb50.37 for covalent compounds. These para
eters were analyzed for more than 100 compounds
Wemple and DiDomenico~1971!. The scheme was found t
work well for simple single-bond halides and oxides as w
as a number of more complex multibond oxides contain
two cations of differing coordination. However, it was ne
essary to assume covalent character (b50.37) for scheelite-
type molybdates and tungstates and several iodates and
bonates. In this paper we consider both single-bond
multibond oxides and fluorides.

In general, dispersion parameters are not identical for li
polarized along the different axes of uniaxial and biax
crystals. This results in dispersion parameters that vary w
the crystal orientation. However, for simplicity in the table
we list only mean values of̂A&, ^B&, ^Eo&, and^Ed&. In the
text following, although we omit the brackets, all values
A, B, Eo , andEd are understood to be mean values.

When numerical values were given, we have used th
data to determine the one-term Sellmeier parameters@Eq.

FIG. 1. Mean dispersion valuêA& vs frequency of occurrence.
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ar-
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~3a!#. When data were presented in the form of differe
Sellmeier equations, we used the equations to calculate
merical dispersion data for use in Eq.~3a! and when data
were provided only in graphical form, the dispersion da
were taken from these plots.

2.4. Error Limits

Where possible, we have given error limits as report
when no error limits were reported, we have either stated
or estimated the errors. Following the composition, t
symbol1 refers to compounds with the most reliable refra
tive indices, generally withdn560.0001– 0.0005. When re
fractive indices are quoted to four decimal places in Land
Börnstein, as for example for the many sulfates studied
Tutton over the years 1890–1930, we have assumed e
limits of 60.0001– 0.0005. Estimated error limits are on
valid for the refractive index and do not take errors in co
position into consideration. Crystals studied before the ea

FIG. 2. DispersionA vs average Sellmeier energy gapEo .
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1900s and for which four significant figures are quoted in
original papers are assumed to be measured by prism m
ods.

3. Results and Discussion

Table 1 provides 73 measurements on 55 fluorides, 9 m
surements on chlorides, and 750 measurements on 509
ides. In the table we give the specimen composition a
source, the refractive indices atl5` and 589.3 nm, molar
volumeVm, volume per anionVo , electronic polarizabilities
ae, the mean dispersion parameters,A, B, Eo, and Ed ,
along with indices that provide an indication of the meth
of measuringn, the estimated error inn, the reliability of the
composition and refractive index data, and source refere
in an easily accessible form.

3.1. Comparison of Data Using Different Methods

In Table 2 we compare the results of determinations ofn`

by prism, IR, ellipsometer, and interference methods. In g
eral, results obtained for prism or interference and IR me
ods are identical within experimental error. Exceptions
PbF2 , RbMnF3, Cu2O, EuO, GeO2, ThO2, UO2, and
PbMg.33Nb.67O3 , as noted by boldfaced values in Table
The discrepancy inn`(PbF2) was noted by Axeet al. ~1965!
and attributed to an inadequacy of the Lyddane–Sac
J. Phys. Chem. Ref. Data, Vol. 31, No. 4, 2002
e
th-
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ox-
d

ce

-
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e

.

–

Teller ~LST! relation. Similarly, the high value for
n`(RbMnF3) was noted by Perry and Young~1967!. The
three IR values ofn`(Cu2O)52.54, 2.55, and 2.57, obtaine
from the IR measurements, agree reasonably well and
probably more accurate than the value ofn`(Cu2O)52.27
obtained from prism data in LB. This value derived fro
data determined in 1871 appears systematically low co
pared with the IR values and the 643.8 nm value of 2
determined by Medenbach and Shannon~1997!.

FIG. 3. DispersionA vs average oscillator strength.
TABLE 4. Dispersion parameters for oxides and fluorides: Transition metal

Compound Chemical composition Mineral Atom~%!a

^A&b ^Eo &c ^Ed &c

10216 m2 ~eV! ~eV! Why low ^A&?

Fe31 3d5 Fe2O3 hematite 40 226 3.6 19.7
FeOOH lepidocrocite 33 215 5.0 15.0
FeOOH goethite 33 162 5.1 19.3
Fe2~SO4!3 12 206 6.4 12.1
FeSO4OH 14 181 6.5 13.6
FeSO4OH•2 H2O butlerite 33 180 7.4 12.0
Fe2~SO4!3•7 H2O cornellite 27 172 8.0 11.6
Y3Fe5O12 garnet 25 197–160 4.8–5.3 17.0–19.0
MFe~SO4!2•12 H2O M5K,Rb,Cs,Tl 54 120–117 10.3–10.9 12.6
Ca3Fe2Si3O12 andradite 10 115–101 7.7–8.1 18.1–19.4
Na.87Fe.92Al .05Ti.03Si2O6 aegirine 9 122 8.0 16.5
Na.7Ca.2Mg.1Fe.9Si2O6 aegirine 9 114 8.4 16.7

Cr31 3d3 MCr~SO4!2•12 H2O M5K,Rb,Cs,Tl 54 105–95 11.0–12.1 13.8–14.0

Mn31 3d4 Ca3Mn1.95~SiO4!2.1~O4H4!.9 henritermierite 12 105 8.4 18.2

Co21 3d7 Ca2CoSi2O7 8 178 7.6 11.8
Sr2CoSi2O7 8 117 9.1 15.0

Ni21 3d8 NiF2 33 198 8.0 10.1
MNiF3 M5K,Cs 20 77–71 13.3–13.7 15.7–16.4 F

Eu21 4f 7 Eu2SiO4 - beta 28 162 6.5 15.2

U41 5f 2 UO2 33 264,210 4.2,4.5 14.5,16.7

aAtom % 5~total ‘‘soft ions’’1H2O!/~total cations1anions!.
bBoldfaced values of̂A& are relatively high.
cBoldfaced values of̂Eo& and ^Ed& are relatively low.
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TABLE 5. Dispersion parameters for oxides and fluoridesd10

Compound Chemical composition Mineral

Atom ^A&b ^Eo &c ^Ed &c Why low

~%!a 10216 m2 ~eV! ~eV! ^A&?

Cu1 3d10 Cu2O cuprite 67 267b 3.8 15.8
CuCl 50 161 6.3 15.9

Zn 3d10 ZnO 50 185–159 5.74–6.09 15.1–16.5
ZnWO4 33 86– 82 7.2–7.3 26.0–26.6
Zn2SiO4 willemite 28 71 11.1 20.3 Si
Ca2ZnSi2O7 hardystonite 8 71 11.5 19.7–19.8 Ca, Si
BaZnF4 53 67 13.8 17.3 Ba, F
CaY1.92Nd.08Zn2Ge3O12 10 67 9.8 24.4 Ca
Zn4O~BO2!6 17 61 11.5 22.7
ZnF2 33 59 14.8 18.4 F

As51 3d10 KH2AsO4 16 98–100 10.9–11.0 14.6–14.8
RbH2AsO4 16 94 11.3 15.1
CsH2AsO4 16 93 11.1 15.4
Mn6.5Ca.25Mg.25As2O8~OH!8 allactite 8 81 9.8 20.2 Ca, Mg

I71 4d10 KIO4 17 133 8.8 13.7

aAtom % 5~total ‘‘soft ions’’1H2O!/~total cations1anions!.
bBoldfaced values of̂A& are relatively high.
cBoldfaced values of̂Eo& and ^Ed& are relatively low.
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There is a large discrepancy between the EuO prism v
of n51.96 quoted by Wachter~1968! and the IR value of
2.30 from Axe ~1969!. An alternative method of deciding
which of these is more correct is to use the data fr
b-Eu2SiO4 along with the additivity rule@Eq. ~2!# where the
total polarizabilityae(b-Eu2SiO4) is 10.19 A3 ~see Table 1!.
Subtracting ae(SiO2)52.803 A3, we arrive at ae(EuO)
53.69 A3, which corresponds ton`51.87, much closer to
the prism valuen`51.96 than the IR value.

The large discrepancy between prism and IR data fr
GeO2 is probably caused by poor data or IR analysis. This
evident from then`(GeO2) IR values ofno52.02 andne

52.10, which are improbably larger thann`(SnO2) prism
values of no51.9442 andne52.0449. The IR values o
n`(ThO2)52.20 and n`(UO2)52.33 by Axe and Pettit
~1966! are significantly larger than the value of 2.070 o
tained by Ellis and Lindstrom~1964! for ThO2 and the UO2

value of 2.16 by Ellis~1964! using prism methods. Axe an
Pettit noted this fact and attributed the discrepancy to
inadequacy of the LST relation. The final example of t
deviation of IR results from prism methods concerni
PbMg.33Nb.67O3 where IR data give 2.49~Karamyan, 1976!
and prism method results in a value ofn`52.422~Kamzina,
1974!. Here the results may be within experimental er
since the errors were not given.

3.2. Comparison of Dispersion Values

An independent method of checking accuracy is to co
pare dispersion constantsA with values from like com-
pounds and from trends in structural families. The value oA
is perhaps as sensitive a test for accuracy as estimated e
in n. Table 3 shows a number of examples of inconsisten
e

s

-

n

r

-

ors
s

in A. Some examples of like-compound discrepancies
Cs2SiF6 , Cs2GeF6 , Y2O3, SiO2 , TiO2 , ThO2, BaMgF4,
Zn2SiO4 , Mn2SiO4 , Y3Ga5O12, Ca3Al2Si3O12, CaTiSiO5 ,
YVO4, CaMoO4, PbWO4, and KAl~SO4)2•12 H2O. Ex-
amples of deviations from structural family trends a
Na2GeF6 in the M2GeF6 family (M5Na,Rb,Cs!, Y3Ga5O12

in the M3Ga5O12 garnet family ~M5Y,Nd,Dy,Ho,Tm!,
Ba.75Sr.25Nb2O6 in the Ba12xSrxNb2O6 family,
Tl2Ni~SO4)2•6 H2O in the Tl2M~SO4)2•6 H2O family
~M5Fe,Co,Cu,Ni!, and KAl~SO4)2•12 H2O in the alum
family MAl ~SO4)2•12 H2O ~M5K, Rb!. The samples which
show values differing substantially from the values in li
compounds and values shown in family trends have b
marked in Table 1 with a question mark following the acc
racy index, as defined in Table 1.

In the example of Y2O3, the value ofA575310216 m2 is
consistent with accurate RE2O3 values from Sc2O3 (66
310216 m2), Lu2O3 (66310216 m2), Yb2O3 (68– 69
310216 m2), and Dy2O3(73310216 m2). The measure-
ments for the outliers Y2O3 of 125, 62, and 53310216 m2

probably resulted from systematic errors that influenceA
more thann` . The dispersion parameterA for Y.95Tm.05VO4

of 164310216 m2 @Ohtaet al. ~1993!# seems high in light of
the values of 109 and 102310216 m2 for YVO4 @Kuwano
and Saito~1990!; Medenbach and Shannon~1997!# and 98
310216 m2 for Y.98Nd.02VO4 @Lonheim and DeShaze
~1978!#. Similarly, the dispersion value for Ba.75Sr.25Nb2O6

of 79310216 m2 seems inconsistently lower than the valu
of 102– 93310216 m2 observed for other members of th
family Ba12xSrxNb2O6. The value 79 was derived from onl
two values ofn at 633 and 1050 nm@Venturini et al. ~1968!#;
the value at 1050 nm is perhaps out of range of validity
the Sellmeier equation. Dispersion from eight samples of
J. Phys. Chem. Ref. Data, Vol. 31, No. 4, 2002
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TABLE 6. Dispersion parameters for oxides and fluoridesp6

Compound Chemical composition Mineral

Atom ^A&b ^Eo &c ^Ed &c

Why low ^A&?~%!a 10216 m2 ~eV! ~eV!

Ti41 3p6 TiO2 rutile 33 119–111 5.1–5.2c 26.3–27.4
TiO2 anatase 33 119–114 5.4–5.5 24.8–25.5
TiO2 brookite 33 107 5.5 27.3
Li2Ti3O7 25 122 5.9 22.1
CaTiO3 20 120 5.7 23.4
SrTiO3 20 131–115 5.5–5.8 22.3–24.0
BaTiO3 20 110–109 5.9 24.7–24.9
Ba.77Ca.23TiO3 20 115 5.8 23.9
PbTiO3 40 112 5.1 28.1
MTiOPO4 M5K,Rb 12 133–128 7.6 15.8–16.5
MTiOAsO4 M5K,Rb,Cs 12 131–122 7.3–7.5 16.4–17.9
CaTiSiO5 12 120–104 7.4–7.7 18.1–20.1
Pb1 –xLaxZr1 –yTiyO3 20–16 102–93 5.5–6.1 27.6–29.9
Ba2TiSi2O8 fresnoite 8 71 10.5 21.3 Ba

V51 3p6 V2O5 28 264 4.1 14.7
YVO4 17 109–95 5.7–7.5 20.9–22.5
NaCa2Mg2V3O12 15 119–115 7.3–7.4 18.3–18.7
Sr5V3O12F 14 118 7.8 17.4
Ca3V2O8 15 114 7.7 18.2
GdVO4 16 113–109 6.8–7.0 20.7–21.1

Cr61 3p6 M2Mg~CrO4!2•6 H2O M5Rb,Cs 42 227–244 6.6–6.8 9.9–10.4
MgCrO4•7 H2O 61 209 7.7 9.9

Nb51 4p6 Cs8Nb22O59 24 124 6.1 21.1
KNbO3 20 109–106 6.3–6.4 23.3–23.4
MNbB2O6 M5K,Rb 10 127–117 7.9–8.2 16.0–16.7
KTa.66Nb.33O3 20 107 6.3 23.9
K3Li2Nb5O15 25 118 6.2 22.1
Ba6Ti2Nb8O30 21 102 6.3 24.7
Pb2KNb5O15 30 101 6.1 26.1
Ba2NaNb5O15 43 98 6.5 25.0
Sr4.25Na1.25Li .25Nb10O30 21 101 6.4 24.8
Ba1-xSrxNb2O6 22 110–93 6.1–6.6 23.7–25.9
LiNbO3 20 91–88 6.9–7.0 25.7–26.1 Li
Sr2Nb2O7 18 88 7.5 24.3 Sr
Ba3LaNb3O12 31 79 7.6 26.9 Ba
LaNbO4 17 69 8.4 27.6 La

Mo61 4p6 PbMoO4 wulfenite 17 132–117 5.6–5.9 21.7–22.3
Bi2Mo3O12 42 160–139 5.4–5.5 21.1
Ce2Mo3O12 42 105 7.3 20.8
Gd2Mo3O12 42 104–101 8.2–8.3 18.8–19.1
Tb2Mo3O12 42 103 8.2 19.0
CdMoO4 33 98 6.8 23.9
Li2.86Gd.57MoO4 12 95 7.5 22.3
SrMoO4 16 91–88 8.4–8.5 20.8–21.2 Sr
CaMoO4 16 91–88 8.0–8.2 22.0–22.3 Ca

Ta51 5p6 KTaO3 20 107 6.5 23.2
LiTa1-xNbxO3 20 81–79 7.5–7.6 26.4–26.6 Li
Ba3LaTa3O12 16 73 8.3 26.6 Ba

W61 5p6 PbWO4 stolzite 33 104 6.6 23.5
CaWO4 17 73–74 9.2 23.4–23.6
SrWO4 17 74 9.6 22.6 Sr
BaWO4 33 76 9.6 21.9 Ba
ZnWO4 33 82 7.3 26.6

Ba21 5p6 BaO 50 116 7.2 19.2
BaBe2Si2O7 barylite 8 96 9.6 17.2
BaAl2Si2O8 paracelsian 8 87 11.3 16.3 Ba
Ba2MgGe2O7 17 84 10.1 18.9 Ba
J. Phys. Chem. Ref. Data, Vol. 31, No. 4, 2002
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TABLE 6. Dispersion parameters for oxides and fluoridesp6—Continued

Compound Chemical composition Mineral
Atom
~%!a

^A&b

10216 m2
^Eo&

c

~eV!
^Ed&

c

~eV! Why low ^A&?

BaO 50 116 7.2 19.2
SrO 50 95 8.5 19.9
CaO 50 80 9.4 21.2
MgO 50 64 11.3 22.0

U61 6p6 Cu~UO2PO4!2 . 8 H2O metatorbernite 40 121 9.2 14.3
K2UO2~SO4!2•2 H2O 18 114 10.4 13.5

Ca~UO2!~UOOH!SiO4~SiO3OH!•4 H2O beta-uranophane 33 66 11.8 20.6

aAtom % 5~total ‘‘soft ions’’1H2O!/~total cations1anions!.
bBoldfaced values of̂A& are relatively high.
cBoldfaced values of̂Eo& and ^Ed& are relatively low.
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tanite with a nominal composition CaTiSiO5 showed an un-
usually large variation with values ranging from 73 to 1
310216 m2. This is perhaps not surprising in light of th
presence of twinning in most samples and a variation
composition with analyzed compositions ranging fro
Ca.75Ti1.05Si1.07O5 to Ca1.0Ti0.98Mn0.05Si0.99O5 @Hintze
~1897!#. However, we have judged the values of 73 and 91
CaTiSiO5 from Eisbruckalp in Pfunders, Tirol and Glimme
schiefer in St. Gotthard to be lower than expected for tit
ites.

Although many of the outliers, such as Cs2SiF6 ,
Cs2GeF6 , RbH2PO4, Mn2SiO4 , PbWO4, Gd3Sc2Al3O12,
and CaTiSiO5 have lower reported accuracies, others w
reported to have good accuracy, i.e.,dn
560.0001– 0.0005. Although the dispersion value
CaTiO3 (127310216 m2) quoted from Driscoll and Vaughn7

~Table 1! is consistent with the values ofA from SrTiO3 and
BaTiO3 , the values ofn` of 1.5554 and 1.3304 are far to
low. The value ofn` of 2.261 obtained using the Chaulne
method by Linz and Herrington~1958! is more reasonable
suggesting either a calculation error or that the value
tained by Driscoll and Vaughn7 was from a compound othe
than CaTiO3 .

3.3. Analysis of Dispersion Values

Dispersion valuesA range from;40 to 260310216 m2.
Their distribution is shown in Fig. 1. The largest number
values is centered around 60310216 m2 with a second dis-
tribution centered around 90– 100310216 m2 and much
smaller numbers distributed over the range 140– 2
310216 m2. For convenience we arbitrarily call the rang
from 50 to 80 ‘‘normal dispersion,’’ and 80 to 250 ‘‘high
dispersion.’’ In this section we make an effort to rationali
the high dispersion valuesA. As a framework for the analy
sis of dispersion parameters, we use the analysis of Wem
and DiDomenico~1971! and Wemple~1977!. In this scheme
A is proportional to 1/EoEd , whereEo5the average single
oscillator energy andEd5the oscillator strength which mea
sures the average strength of interband optical transiti
According to DiDomenico and Wemple~1971!, Ed is related
to physical parameters by the expression
n

n

-

e

r

-

f

0

le

s.

Ed5bNcZaNe, ~4!

whereNc is the cation coordination number,Za is the formal
valence of the anion,Ne is the effective number of valenc
electrons/anion,b50.26 for ionic compounds, andb50.37
for covalent compounds. Using this scheme high dispers
values should result for compounds with:

~1! low energy gaps,
~2! ionic character,
~3! cations having lowNc ,
~4! fluoride rather than oxide anions; and
~5! cations with lowNe.

DiDomenico and Wemple~1969! and Wemple~1977! con-
centrated primarily on optical dielectric constants~refractive
indices! and their relationships to the above variables b
they were not concerned specifically with dispersion,
though DiDomenico and Wemple~1969! noted that the re-
fractive index dispersion is approximately inversely relat
to the average single oscillator Sellmeier gapEo . In this
section we focus primarily on the dispersionA and the rela-
tionship to chemical composition and electron configurat
of the atoms involved and find that many of the trends inA
can be explained by the above five factors. Wemple and
Domenico~1971! and Wemple~1977! showed that low val-
ues ofEo are associated with thed10 cations Cu1 and Ag1,
and thes2 cations As31, Te41, I51, Tl1, Pb21, and Bi31.

Figures 2 and 3 show plots ofA vs Eo and A vs
Ed ,respectively. The plot ofA vs Eo shows a better fit to
1/Eo than 1/Ed which we interpret to mean that variations
Eo are more important in explaining dispersion than var
tions inEd . We shall analyze this assumption in Secs. 3.3.
3.3.5. A survey of the dispersion parameters of the co
pounds in Table 1 shows high dispersion valuesA associated
with certain ions which we call ‘‘soft’’ ions, i.e.,s2, p6, d10

and transition metal ions, H2O, and crystalline hydrates. In
Tables 4–8 we have listed the dispersion parametersA, Eo ,
andEd of compounds containings2, p6, d10, and transition
metal ions. Normal values of dispersion (A550– 80
310216 m2! were found in borates, aluminates, gallates, s
cates, germanates, phosphates, and sulfates not conta
J. Phys. Chem. Ref. Data, Vol. 31, No. 4, 2002
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TABLE 7. Dispersion parameters for oxides and fluoridess2

Compound Chemical composition Mineral

Atom ^A&b ^Eo&
c ^Ed&

c Why low

~%!a 10216 m2 ~eV! ~eV! ^A&?

As31 4s2 As2O3 arsenolite 40 105 8.9 17.3

Sb31 5s2 Sb2O3 senarmontite 40 116 6.8 20.3
Na2SbF5 12 142 10.2 11

Te41 5s2 TeO2 33 108-103 6.2–6.3 23.0–24.6

I51 5s2 HIO3 25 111 7.6 19.0
MIO3 M5Li,K 20 126–95 7.9–8.8 16.0–19.3
KIO2F2 17 104 10.2 15.1

Tl1 6s2 TlCl 50 148 5.6 19.4
Tl2SeO4 43 121 7.2 18.5
Tl2SO4 28 109 8.0 18.5
TlClO4 33 100 9.9 16.2
Tl2Cd2~SO4!3 20 84 10.0 19.0

Pb21 6s2 PbMoO4 wulfenite 33 132–117 5.6–5.9 21.7–22.3
Pb5Ge3O11 26 132–125 6.3 19.8–20.2
Pb2Sc.5Ta1.5O6.5 33 139 5.2 22.1
Pb3Al2CaSi10O27•3 H2O wickenburgite 13 127 8.6 14.6
Pb5V2.5As.3O12Cl vanadinite 38 126–121 5.6–5.7 22.5–23.1
Pb2MoO5 37 121 6.2 21.5
PbTiO3 40 112–92 5.1 28.1
Pb5As3O9Cl finnemanite 44 111 6.2 23.2
Pb5As3O12Cl mimetite 38 107–106 6.8 21.9–22.1
PbF2 33 114–125 8.0–8.4 15.9–16.7
PbFCl matlockite 33 106 7.0 21.5
PbWO4 stolzite 33 104 6.5–7.2 23.5–25.9
Pb1-xLaxTi1-yZryO3 40 102–94 5.5–6.0 27.6–29.9
PbNb4O11 31 97 6.3 26.2
Pb2KNb5O15 30 101 6.1 26.1
PbM.33Nb.67O3 M5Mg,Zn 33 101–91 5.7–6.0 27.8–29.3
Pb3P2O8 23 96–94 8.0 20.9–21.1
Pb5P3O12Cl pyromorphite 24 96 7.6–7.5 22.2–22.4
PbHPO4 17 93 8.7 19.6
Pb9Mg9Si9O24~OH!24 molybdophyllite 12 80 9.7 20.5 Mg, Si
PbSO4 17 79 9.1–9.2 22.0–22.2 SO4
PbB4O7 8 62 10.0 26.0

Bi31 6s2 Bi2O3 40 138 4.8 23.9
Bi2Mo3O12 29 139,160 5.5, 5.4 21.1, 18.6
Bi6Mo2O15 35 120 5.8 22.9
Bi12MO20 M5Si,Ge,Ti 36 126–115 5.2–5.4 24.2–25.8
Bi4M3O12 M5Si,Ge 21 109–96 6.9–7.6 20.8–22.5
BiB3O6 10 93 8.7 19.6

aAtom % 5~total ‘‘soft ions’’1H2O!/~total cations1anions!.
bBoldfaced values of̂A& are relatively high.
cBoldfaced values of̂Eo& and ^Ed& are relatively low.
s
to the
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any of the above ‘‘soft’’ ions. It appears thatA depends on
the total concentration of ‘‘soft’’ ions where these ions mu
be in concentrations.10% – 15%. This number seems
depend on the ion, being lower for Fe31, Co21, Ti41, and
Bi31, and higher for Zn21, Nb51, Ta51, Tl1, and Pb21. In
Tables 4–9 values of̂A& in boldface type are relatively
high, whereas boldface values of^Eo& and^Ed& are relatively
low.
J. Phys. Chem. Ref. Data, Vol. 31, No. 4, 2002
t

3.3.1. Transition Metal Ions

Table 4 shows that many of the compounds containing
transition metal ions Fe31, Co21, Ni21, Eu21, and U41

with A5150– 265 have some of the highest dispersion v
ues of all oxides. Fe2O3 ~hematite!, FeOOH~lepidocrocite!,
and Fe2(SO4)3 all have dispersion values greater than 2
310216 m2. The high dispersion values in transition met
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TABLE 8. Dispersion parameters for H2O and crystalline hydrates

Compound Mineral

Atom ^A&b ^Eo&
c ^Ed&

c Why low

~%!a 10216 m2 ~eV! ~eV! ^A&?

H2O ~liquid! 100 225 9.8 7.2
H2O ~ice! 100 152 12.3 8.5
H2O ~ice! 100 146 12.6 8.7

Na2HPO4•12 H2O 63 119 11.4 11.7
Na2HPO4

. 7 H2O 50 105 12.0 12.7
Na4P2O7•10 H2O 43 101 12.1 13.1
NaH2PO4•H2O 14 99 11.9 13.6
NaH2PO4•2 H2O 25 96 12.3 13.5

MAl ~SO4!2•12 H2O M5Na,K,Rb,Cs 60 101–91 12.3–12.6 12.8–13.8
MGa~SO4!2•12 H2O M5K,Rb,Cs 60 91–92 12.5–12.6 13.9–14.0
MIn~SO4!2•12 H2O M5Rb,Cs 60 96 12.2 13.6

MSiF6•6 H2O M5Mg,Mn,Fe 43 97–101 13.8–14.3 11.5–11.9
MSiF6•6 H2O M5Cu,Zn 43 89 13.7–14.1 12.8–13.1

Cu6Si6O18•6 H2O dioptase 17 94 10.0 17.1

MgSO4•7 H2O epsomite 54 96 12.5 13.4
BeSO4•4 H2O 33 95 12.4 13.6
CuSO4•5 H2O chalcanthite 45 85 12 15.7
LiSO4•H2O 14 72 13.9 15.9 Li
CaSO4•2 H2O gypsum 25 70 13.3 17.1 Ca

LiClO4•3 H2O 43 90 12.6 14.1

M2Cu~SO4!2•6 H2O M5K,Rb,Cs 31 84–89 12.3–12.5 14.6–15.3
M2Mg~SO4!2•6 H2O M5K,Rb,Cs 31 82–85 12.9–13.1 14.5–15.1
M2Zn~SO4!2•6 H2O M5K,Rb,Cs 31 79–82 12.8–13.0 15.1–15.7
M2Fe~SO4!2•6 H2O M5K,Rb,Cs 31 79–82 12.8–12.9 15.1–15.8
Cs2Mn~SO4!2•6 H2O 31 81 12.8 15.4

Na2B4O5~OH!4•8 H2O borax 35 93 12.5 13.8
KB5O6~OH!4•2 H2O 11 88 13.1 13.9
CaB3O4~OH!3•H2O colemanite 8 61 13.1 19.8 Ca

32
M2~SO4!3•8 H2O M 5 Sm,Pr,Nd 32 81–82 11.9–12.1 16.3–16.4

CsAlSi2O6•2 H2O pollucite 79 12.5 16.1 low H2O
Ca3Si2O6~OH!2•2 H2O afwillite 13 59 13.1 20.8 Ca

aAtom % 5~total ‘‘soft ions’’1H2O!/~total cations1anions!.
bBoldfaced values of̂A& are relatively high.
cBoldfaced values of̂Eo& and ^Ed& are relatively low.
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oxides correlate well with values of the parame
Eo(4 – 8 eV) and, in general, low values of the parame
Ed . Even with relatively low concentrations~10%! of Fe31

rather high dispersion values result. Note that although th
is only 4 at % of Fe in MFe~SO4)2•12 H2O and 8% in cor-
nellite, Fe2(SO4)3•7 H2O, the total concentrations of ‘‘soft’
ions (Fe31) and H2O are 54% and 37%, respectively. Sim
larly, in MCr~SO4)2•12 H2O, both Cr31 and H2O contribute
to the dispersion. It is apparently not necessary for the i
to be linked, e.g., compounds with isolated Fe31 such as
Ca3Fe2Si3O12, Na.87Fe.92Al .05Ti.03Si2O6 ~aegirine!, and
M2CoSi2O7 ~M5Ca, Sr! have high dispersion ~A
5100– 175!. Hydrates such as FeSO4OH•2 H2O and
MFe~SO4)2•2 H2O ~M5K, Rb, Cs and Tl! have higher val-
r
r

re

s

ues ofEo ~8–10 eV! but because of lowEd ~12–13 eV! as
for other hydrates~see below! still show high dispersion.

3.3.2. d 10 Ions

Table 5 shows the dispersion parameters for compou
containing Cu1, Zn21, As51, and I71. Among the oxides
Cu2O has one of the highest dispersions (A5267), appar-
ently because of the exceptionally low energy gap of 3.8
Among the Zn-containing compounds only ZnO (A
5159– 185) and ZnWO4 (A582– 86) have high dispersion
ZnO has both lowEo and Ed (CN5IV), whereas ZnWO4
has lowEo but a higherEd caused by CN56 for both Zn and
W. Note that the high dispersion of ZnWO4 results from the
J. Phys. Chem. Ref. Data, Vol. 31, No. 4, 2002
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TABLE 9. Dispersion parameters associated with ions.Nc is the cation coordination number,Ne the effective number of valence electrons per anion, andZa the
formal valence of the anion

Ion

No. of ^A&a ^A&a ^Eo& ^Eo&
b ^Ed& ^Ed&

b Ed

Beta Nc Ne Zacompounds 10216 m2 10216 m2 ~eV! ~eV! ~eV! ~eV! ~eV!

mean range mean range mean predicted
d10 Cu1 2 161–267 214 4–6 5.0 16 15.9 17 .26 2 16 2

Zn21 8 59–185 91 6–15 9.7 15–26 21.0 17 .26 4 8 2
As51 4 81–100 93 10–11 10.8 15–20 16.0 17 .26 4 8 2
I71 1 133 133 9 8.8 13.7 17 .26 4 8 2

s2 As31 1 105–111 105 9 8.8 17.3 14 .26 3? 9? 2
Sb31 2 95–142 129 7–10 8.5 11–20 15.7 14 .26 3? 9? 2
Te41 2 103–119 110 6 6.2 23–25 24.0 19 .26 4? 9? 2
I51 4 95–126 110 8–10 8.5 15–19 17.4 18 .26 3? 8? 2
Tl1 5 84–148 112 6–10 8.1 15–16 18.3 .26 ;8 10? 2

Pb21 26 62–139 104 6–10 6.9 16–30 23.1 .26 ;8 10? 2
Bi31 9 93–160 116 5–9 6.2 20–24 23.1 .26 ;8 10? 2

p6 Ti41 20 71–119 115 5–10 6.2 16–30 22.5 25 .26 6 8 2
V51 6 109–264 124 4–8 7.5 15–22 19.6 17 .26 4 8 2
Cr61 3 hydrates 209–244 227 7–8 7.0 10 10.1
Mo61 8 88–160 107 6–8 7.3 19–24 21.4 17,25 .26 4,6 8 2
W61 5 73–104 80 7–10 8.3 22–27 24.2 17,25 .26 4,6 8 2
Nb51 15 69–124 99 6–8 6.8 21–26 24.6 25 .26 6 8 2
Ta51 3 73–107 86 6–8 7.3 23–26 25.7 25 .26 6 8 2
U61 3 hydrates 117 9.8 13–14 13.9 .26
Cs1 11 58–107 82 14.9 14–20 17.8
Ba21 16 53–116 78 10.9 17–22 17.1

d5 Fe31 12 114–225 159 4–11 6.4 17–20 17.0 19 .26 6 6 2
d3 Cr31 4 hydrates 95–105 98 11–12 11.8 14 13.9
d7 Co21 2 117 117 8 7.6 12 11.8 19 .26 6 6 2
d8 Ni21 3 fluorides 71–198 115 8–14 11.7 10–16 14.1 13 .26 6 6 1
f 2 U41 1 264 264 5 4.2 14.5 .26 8 6 2
f 7 Eu21 1 162 162 6 6.5 15.1 19 .26 6 2

H2O 1 225 225 9.8 7.2
ice 2 146–152 149 12.4 8.6
hydrates 73 59–119 90.6 10–14 12.3 11–20 14.4

aBoldfaced values of̂A& are relatively high.
bBoldfaced values of̂Eo& and ^Ed& are relatively low.
e
ig

ra
s

te
,

e
it

ith

-
ge
by

e

lues
er-

are

the
the

er
ion
eta-
combined presence of Zn21 and W61. All the other Zn-
containing compounds have relatively high oscillator en
gies and therefore lower dispersion. Arsenates which m
be expected to have low dispersion because of their highEo

have relatively high dispersion resulting from tetrahed
As51 and lowEd . KIO4 , the only example of an iodate, ha
high dispersion (A5133) because of both lowEo and
Ed (CN5IV for I 71!.

3.3.3. p 6 Ions

In Table 6 we list the dispersion parameters for titana
vanadates, chromates, niobates, tantalates, molybdates
tungstates. All titanium-bearing compounds with.10% Ti
content have high dispersion, and are associated withEo val-
ues in the range of 5–8 eV. Between 12% and 33% Ti th
is no obvious concentration dependence. Fresno
Ba2TiSi2O8 , the one Ti compound with Ti,10% has normal
dispersion.
J. Phys. Chem. Ref. Data, Vol. 31, No. 4, 2002
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Similarly all vanadates have high dispersion values w
V2O5 having one of the highest values (A5264) and one of
lowest values ofEo54.1 eV. Values of the vanadate param
eterEo are similar to those of the titanates, being in the ran
4–8 eV. Although chromate dispersions are augmented
the presence of H2O ~see below!, we believe because of th
exceptionally high values ofA, the primary contributor to
the high dispersion is the presence of the Cr61 ion. Most
niobates and tantalates have high dispersion but the va
depend on the concentration with significantly lower disp
sion for Ba3LaNb3O12 and LaNbO4, whereEo has increased
to 8.4 eV. Tantalates, because of slightly higherEo values,
have slightly lower dispersion than niobates, e.g., comp
LiNbO3 with A591– 88 and LiTaO3 with A581– 79. All
reported molybdates have high dispersion. Following
same behavior as niobates and tantalates where
compounds lower in the periodic table have low
dispersion, the tungstates have slightly lower dispers
than the molybdates. Among the uranyl compounds, m
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967967REFRACTIVE INDEX AND DISPERSION
torbernite @Cu~UO2PO4)2•8 H2O] and K2UO2(SO4)2

•2 H2O have high dispersion but this high dispersion m
arise partially from the presence of water of hydratio
b-uranophane, Ca(UO2)(UOOH)SiO4)(SiO3OH)•4 H2O,
containing 4 H2O has, however, normal dispersion.

Cs1 and Ba21 compounds seem to be conditionally ‘‘soft
ions. A few Cs compounds such as CsB3O5, CsLiB6O10,
CsAlSi2O6•x H2O and Cs2SeO4, and Ba compounds suc
as BaO, BaBe2Si2O7 , BaAlSi2O8, and Ba2MgGe2O7 have
moderately high dispersion.

3.3.4. s 2 Ions

Wemple~1977! noted the reduced average energy gapsEo

for thes2 ions Tl1, Pb21, and Bi31. We note in Table 7 tha
all the lone-pair cations lead to high dispersion. In generaEo

values are low, varying from 5 to 9 eV. The highest disp
sion is observed in TlCl, Na2SbF5 , PbMoO4, Pb5Ge3O11,
Pb2Sc0.5Ta1.5O6.5, Bi2O3 , and Bi2Mo3O12. As for other
compounds, the critical concentration of metal ion or com
nation of ‘‘soft’’ ions appears to be;10%. Both
Tl2Cd2(SO4)3 (A584) and PbB4O7 (A562) with ;10%
metal ions have reduced dispersion.

3.3.5. H2O and Hydrates

DiDomenico and Wemple~1969! and Wemple ~1977!
noted the low values of the parameterEd for both liquid H2O
and ice ~9.5 and 8.6 eV, respectively!. We find a slightly
lower value for liquid H2O of 7.3 eV. Table 8 shows tha
almost all hydrates have relatively low values ofEd , gener-
ally in the range 12–16 eV. Exceptions are dio
tase (Cu6Si6O18•6 H2O), K2UO2(SO4)2•2 H2O, gypsum
(CaSO4•2 H2O), and afwillite @Ca3Si2O6(OH)2•2 H2O#.
The combination of moderateEo and lowEd results in most
hydrates having relatively high dispersion.

3.3.6. Summary of Effect of Electron Configuration and Eo and
Ed on Dispersion

Table 9 summarizes the mean and maximum disper
parametersA, Eo , and Ed along with their range for H2O,
hydrates and compounds containing thed10 ions Cu1, Zn21,
As51, and I71, the s2 ions As31, Sb31, Te41, I51, Tl1,
Pb21, and Bi31, the p6 ions Ti41, V51, Cr61, Mo61,
Nb51, and Ta51, and the transition metal ions, Fe31, Cr31,
Co21, Ni21, U41, and Eu21. High dispersion (A
5;140– 250) is especially noticeable for H2O and the ions
Cu1, Zn21, I71, Sb31, V51, Cr61, Fe31, U41, and
Eu21 and for the compounds having a high concentration
H2O and these ions: liquid H2O, ice, CuCl, Cu2O, ZnO,
KIO4 , Na2SbF5 , V2O5, Fe2O3, FeOOH, Fe2(SO4)3 ,
FeSO4OH, Y3Fe5O12, UO2, and b-Eu2SiO4 . In addition
compounds containing combinations of these ions and ot
y
.
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associated with slightly lowerA values have high dispersion
PbMoO4, Pb2MoO5, Pb2Sc0.5Ta1.5O6.5, Pb5V2.5As.3O12Cl,
Bi2Mo3O12, and Bi6Mo2O15.

As noted in Sec. 3.3, dispersion is controlled by the co
bined effects ofEo andEd. It is apparent from Fig. 2 that the
low Eo values associated with these ions go a long way
ward explaining the high dispersion values of compoun
containing these ions. Note for example the low energy g
associated with compounds containing Cu1, Te41, Bi31,
Ti41, Fe31, U41, and Eu21.

However, it is clear that not only is lowEo necessary for
high dispersion but alsoEd must be reasonably low. Al-
though the plot ofA versusEd shows a poorer fit to 1/Eo

than 1/Ed , the effects ofEd can be clearly seen in man
cases. The effects of formal valenceZa can be seen in lowEd

and the relatively high dispersion of CuCl, Na2SbF5 , TlCl,
and NiF2 caused by loweredEd and the effects of cation
coordination can be observed in Cu2O, ZnO, arsenates
vanadates, iodates, molybdates, and the ions As31, Sb31,
Te41, and I51. As we have shown above, all hydrates hav
relatively low Ed . The effects of water of hydration are ap
parent in the high dispersion of FeSO4OH•2 H2O,
Fe2(SO4)3•7 H2O, Cs2Mg(CrO4)2•6 H2O, MgCrO4

•7 H2O, Pb3Al2CaSi10O27•3 H2O, and Cu(UO2PO4)2

•8 H2O.
It is tempting to try to complement this rationalization

high dispersion values by correlating observed and ca
lated values ofEd with dispersion. Using the Wemple an
DiDomenico~1971! scheme for calculatingEd for single ion
compounds, it is not possible to calculateEd for most com-
pounds in Table 1 because of uncertainty over what to
for: ~1! covalency;~2! Ne for s2 and certaind10 compounds;
and~3! cation coordination when there are two or more c
ions with differing Nc , i.e., YVO4, CaTiO3 , CaMoO4,
Y3Fe5O12, and more complex compounds such as crystall
hydrates. Indeed, Wemple and DiDomenico noted that
scheelite compounds MMoO4 with M5Ca, Sr, and Pb did
not fit the scheme withb50.27. On the other hand Wempl
found that ‘‘anion radical’’ groups such as phosphates, s
fates, selenates, and chlorates resulted in good agree
between observed and calculatedEd but that a good fit was
obtained for the iodates HIO3 and LiIO3 only by usingb
50.42– 0.44. We have comparedEd values calculated using
the properties of the anion groups such as BO3

32 , BO4
52 ,

PO4
32 , VO4

32 , SO4
22 , SeO4

22 , MoO4
22 , and WO4

22 and
find that the counter ion almost always has an effect onEd .
These uncertainties added to those aboutNe andNc make it
difficult to rely on calculatedEd values in the majority of
multiion compounds. Thus, we make only the very gene
observation that the presence of H2O, halide ions, and cat
ions with low CNs such as Cu1, Zn21, As31, As51, Sb31,
Te41, I51, V51, and Mo61 sometimes contribute to lowe
Ed and therefore higher dispersion.
J. Phys. Chem. Ref. Data, Vol. 31, No. 4, 2002
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ACELAZ Acta. Electronica
ACPHAA Ann. Chim. Phys.
AFSLAO Aufschluss
AJSCAP Am. J. Science
AMMIAY Am. Mineral.
ANCHAM Anal. Chem.
APHYCC Appl. Phys. v1~1973!–v25~1981!
APOPAI Appl. Opt.
APPLAB Appl. Phys. Lett.
B
BJAPAJ Br. J. Appl. Phys.~1950–1969! see J. Phys. D
C
CHSCBU Chin. Sci. Bull.
CIWPAV Carnegie Institution of Washington Publicatio
CPLEEU Chinese Phys. Lett.
CRTEDF Cryst. Res. Technol.~formerly Krist.

Tech. - KRTEAW 1966–1980!
F
FEROA8 Ferroelectrics
H
HAMBA6 Hamberger Beitr. Z. Angew. Mineralogie u.

Kristallphys.

I
IEJQA7 IEEE J. Quantum Electron.

INOMAF Inorg. Mater.~Eng. transl.!

J
JACSAT J. Am. Chem. Soc.
JACTAW J. Am. Ceram. Soc.
JAPIAU J. Appl. Phys.~formerly Physics 1937–!
JAPNDE Jpn. J. Appl. Phys., Part 1~1982–!
JCDTBI J. Chem. Soc., Dalton Trans.

JCOMEL J. Phys. Condens. Matter
JCPSA6 J. Chem. Phys.
JCRGAE J. Cryst. Growth
JJAPA5 Jpn. J. Appl. Phys.~1962–1981!
JNOMFV J. Nonlinear Opt. Phys. Mater.
JOAOD6 J. Opt. Soc. Am. A~1984–!
JOBPDE J. Opt. Soc. Am. B~1989–!
JOAOF8 J. Optics A: Pure Appl. Opt.
JOPQAG J. Phys.
JOSAAH J. Opt. Soc. Am.~1917–1983!
JPCRBU J. Phys. Chem. Ref. Data
JPCSAW J. Phys. Chem. Solids
JPSOAW J. Phys. C
JRNBAG J. Res. Natl. Bur. Stds.~1934–!
JSSCBI J. Solid State Chem.
JSTCAM J. Struct. Chem.~Eng. transl. of Zh. Strukt.

Khim!
JUPSUA J. Phys. Soc. Jpn.
K
KRTEAW Krist. Tech.~1966–1980! now Cryst. Res.

Technol.
M
MNLMBB Min. Mag.
MRBUAC Mater. Res. Bull.
N
NIMAER Nucl. Instrum. Methods A
NJGAAY Neues Jb. Mineral. Geol. Pala¨ont. Beilageband

Abt. A.
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NJGAAY Neues Jb. Geol. Pala¨ont., Abh. Abt. A.
~1925–1950!

NJGMA2 Neues Jb. Geol. Pala¨ont., Monatsh.~1950–!
NJMIAK Neues Jb. Mineral., Abh.~1950–!
NJMMAW Neues Jb. Mineral., Monatsh. 1950–
O
OMATET Opt. Mater.~Amsterdam!
OPACAT Optica Acta.
OPCOB8 Opt. Commun.
OPLEDP Opt. Lett.
OPSUA3 Opt. Spectrosc.
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PAOAE1 Pure Appl. Optics
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PHRVAO Phys. Rev. v1~1893!–v132~1963!
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PRVAAH Phys. Rev., Sect. A. v133~1964!–v140~1965!
PSISDG SPIE Opt. Thin Films Applicat.~1990!
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PSSABA Phys. Status Solidi A~1970–!
PSSBBD Phys. Status Solidi B~1971–!
R
REKEDA Rev. Laser Engineer. Jpn.~Reza Kenkyu!
S
SJOTBH Sov. J. Opt. Tech.~Eng. transl. of

Opt.-Mekh. Promysh.!
SJQEAF Sov. J. Quantum Electron.
SMPTA8 Schweiz. Mineral. Petrogr. Mitt.
SPHCA6 Sov. Phys. - Crystallogr.~Eng. transl. of

Kristallogr.!
SPHJAR Sov. Phys. - JETP.
SPSSA7 Sov. Phys. - Solid State~Eng. transl. - Fiz.

Tverd. Tela Leningrad!
SSCOA4 Solid State Commun.
T
TTMMDZ Tschermaks Min. Petr. Mitt.
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WLHPAR Wuli Xuebao5Acta Physica Sinica~Chinese!
Z
ZAPHAX Z. Angewandte Physik
ZEKRDZ Z. Kristallogr.
ZEPYAA Z. Phys.~1920–1974!
ZMGPAS Zbl. Mineral. Geol. Paleont., Abt. A
ZPCBAL Z. Phys. Chem., Abt. B
ZPSBAX J. Appl. Spectrosc.5Zh. Prikladnoi Spek-

troskopy

8. Appendix 2. Alternative Forms of the
Sellmeier Equation

The general form of the Sellmeier equation is usua
given as

n2511(
j

Ajl
2

l22l j
2

with the wavelengthl of the incident light, and the wave
lengthsl j with the corresponding constantsAj representing
the wavelengths of maximum absorption at several abs
tion bands. The refractive indices used in the current w
are sufficiently approximated using a one-term Sellme
equation with wavelengthsl far distant from the immediate
region of the absorption band atlo , thus yielding

n2511
Aol

2

l22lo
2 .

Rearranging this equation gives

1

n221
52

lo
2

Aol
2 1

1

Ao

and finally

1

n221
52

A

l2 1B

@Eq. ~3a!# with A5 lo
2/Ao and B5 1/Ao or lo

25A/B. The
constantAo is related to Eq.~3b! by the expressionEd

5Ao•Eo .
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